Non-syndromic low frequency sensorineural hearing loss (LFSNHL) affecting only 2000 Hz and below is an unusual type of hearing loss that worsens over time without progressing to profound deafness. This type of LFSNHL may be associated with mild tinnitus but is not associated with vertigo. We have previously reported two families with autosomal dominant LFSNHL linked to adjacent but non-overlapping loci on 4p16, DFNA6 and DFNA14. However, further study revealed that an individual with LFSNHL in the DFNA6 family who had a recombination event that excluded the DFNA14 candidate region was actually a phenocopy, and consequently, DFNA6 and DFNA14 are allelic. LFSNHL appears to be genetically nearly homogeneous, as only one LFSNHL family is known to map to a different chromosome (DFNA1). The DFNA6/14 critical region includes WFS1, the gene responsible for Wolfram syndrome, an autosomal recessive disorder characterized by diabetes mellitus and optic atrophy, and often, deafness. Herein we report five different heterozygous missense mutations (T699M, A716T, V779M, L829P, G831D) in the WFS1 gene found in six LFSNHL families. Mutations in WFS1 were identified in all LFSNHL families tested, with A716T arising independently in two families. None of the mutations was found in at least 220 control chromosomes with the exception of V779M, which was identified in 1/336 controls. This frequency is consistent with the prevalence of heterozygous carriers for Wolfram syndrome estimated at 0.3-1%. An increased risk of sensorineural hearing loss has been reported in such carriers. Therefore, we conclude that mutations in WFS1 are a common cause of LFSNHL.
INTRODUCTION
Non-syndromic sensorineural hearing loss affecting high frequencies is overall a common disorder known to be genetically heterogeneous. In contrast, low frequency sensorineural hearing loss (LFSNHL) is an unusual type of hearing loss in which frequencies at 2000 Hz and below are predominantly affected. Many patients with LFSNHL have tinnitus which is not particularly bothersome, but there are otherwise no associated features such as vertigo (1) (2) (3) . Because high frequency hearing is generally preserved, LFSNHL patients retain excellent understanding of speech, although presbycusis or noise exposure may cause high frequency loss later in life. Consequently, LFSNHL is often asymptomatic, and many patients choose not to wear hearing aids. Although over 70 loci have been mapped in various types of non-syndromic sensorineural hearing loss, only a few (DFNA1, DFNA6 and DFNA14) are associated with LFSNHL. LFSNHL linked to DFNA1 is caused by mutations in DIAPH1, the homolog of Drosophila diaphanous (4) . In contrast to LFSNHL associated with DFNA6/14, all affected individuals in the DFNA1 family become profoundly deaf by the fourth decade of life (4, 5) .
DFNA6 was mapped in a large kindred from the United States (Family 59) with autosomal dominant LFSNHL (1, 3) , and DFNA14 was mapped in a family (Family T) of similar phenotype from The Netherlands (2, 6) . Previously, we reported that DFNA6 and DFNA14 map to adjacent but nonoverlapping regions on 4p16, separated by 1.3 cM (6) . We have subsequently identified two additional families with LFSNHL linked to DFNA6/14 (unpublished data). Thus, with the exception of one DFNA1 family, all described LFSNHL families are linked to 4p16.
WFS1, the gene responsible for Wolfram syndrome type 1, is located on 4p16 near marker D4S431 and is thus, a possible candidate gene (7, 8) . Wolfram syndrome is also known as DIDMOAD to denote the association of diabetes insipidus, diabetes mellitus, optic atrophy and deafness (9) . Juvenileonset diabetes mellitus and bilateral progressive optic atrophy are the minimal diagnostic criteria for Wolfram syndrome (10). Other features include renal tract abnormalities, ataxia, peripheral neuropathy, mental retardation and psychiatric illness (11, 12) .
Hearing loss associated with Wolfram syndrome is typically a high frequency sensorineural hearing loss, although low frequencies may become affected as well (13, 14) . Hearing loss confined to the low frequencies is not described in association with Wolfram syndrome, although many reports do not specify the frequencies affected. The age of onset is typically between 5 and 15 years, similar to the age of onset of hearing loss associated with DFNA6 and DFNA14 (11) .
It has been suggested that heterozygous carriers in Wolfram syndrome families are predisposed to hearing loss (15) . Such carriers may be fairly common in the general population, with an estimated prevalence between 0.28 and 1% (9, 11) . Thus, we investigated whether or not heterozygous mutations in WFS1 cause non-syndromic LFSNHL in families linked to DFNA6/14. In addition, because of the near genetic homogeneity for LFSNHL, we also studied probands with LFSNHL from small families without a priori evidence of linkage to 4p16.
RESULTS

DFNA6 and DFNA14 are allelic
Considering that LFSNHL is relatively rare, we found it perplexing that two families with very similar phenotypes were found to map to adjacent but non-overlapping loci. To investigate this further, we expanded the pedigree of Family 59. The audiogram of a newly ascertained individual with LFSNHL typical of the family is shown (Fig. 1) . The haplotype analysis of key individuals in Family 59 for markers on 4p16 is presented in Figure 2 . A key recombination event, shared by II:1, II:3 and III:1, occurs between D4S827 and D4S431, defining a centromeric boundary. III:7, who was not available for the previous study, is recombinant at D4S2354 and telomeric, phase unknown for D4S827 and D4S431, and non-recombinant for D4S2366 and centromeric markers. These recombinations define a candidate region of 600 kb, between D4S2354 and D4S431, overlapping the DFNA14 interval.
These findings contradicted previous results (3) based on data from individual III:4 (Fig. 2 ). Because III:4 was classified as affected prior to linkage analysis, the recombination event between D4S412 and D4S432 places the DFNA6 interval telomeric to D4S432. The telomeric boundary of DFNA14, D4S3023, is 1.3 cM proximal to D4S432, and thus, the results from III:4 implied that DFNA6 and DFNA14 did not overlap (6) . Ascertainment of III:7, who is unambiguously affected, implied that III:4 may not be truly affected, since the recombination events would predict mutually exclusive intervals. Therefore, even though LFSNHL is rare and the chance of a phenocopy unlikely, we concluded that III:4 is a phenocopy and that DFNA6 is allelic with DFNA14. Since penetrance is complete (3), the recombination event in unaffected individual III:5 supports this interpretation (Fig. 2) .
Identification of other LFSNHL families
By combining the databases from the University of Michigan, The Rockefeller University and the University of Antwerp, additional families with non-syndromic LFSNHL were ascertained (Fig. 3 ). Family W (Fig. 3A) , a Dutch family with autosomal dominant LFSNHL, segregates a common haplotype at 4p16 (data not shown). Family 35, of Irish descent, has autosomal dominant LFNSHL linked to 4p16, with a multipoint LOD score of 4.2 (Fig. 3B) . The proband of Family 19 ( Fig. 3C ) has moderately severe bilateral LFSNHL with documented progression. Audiologic evaluation confirmed LFSNHL in the proband's aunt and daughter, who was not aware of her hearing loss until she participated in this study. The proband of Family 21 is a child with unilateral LFSNHL and both parents are unaffected (Fig. 3D) .
Mutations in WFS1 are responsible for DFNA6/14
Because the candidate interval between D4S2354 and D4S431 contains the WFS1 gene, we analyzed this gene for mutations in the LFSNHL families. SSCP analysis of the WFS1 gene in Family 59 revealed a variant in exon 8 common to all affected family members but not seen in unaffected family members or controls (Fig. 4) . Sequence analysis of exon 8 in Family 59 revealed a heterozygous, non-conservative missense mutation, 2656T→C (L829P), segregating with hearing loss ( Fig. 5A and B; Table 1 ). Sequence analysis of the entire WFS1 gene for individual III:4 revealed six previously reported polymorphic variants (I333V, V395V, R456H, N500N, K811K, S855S) in the coding sequence as well as three intronic variants (IVS4 -9A→G, IVS6 + 39A→G, IVS6 + 56C→T, with respect to GenBank ID AC004689.5). The absence of the L829P mutation as well as any other pathologic changes in WFS1 confirms that III:4 is a phenocopy. We then sequenced the entire WFS1 gene in two Dutch LFSNHL families (Families W and T). Sequence analysis revealed mutations 2266C→T (T699M) segregating with hearing loss in Family T (Fig. 5E ) and 2316G→A (A716T) in Family W (Fig. 5F ). The A716T mutation was also found to segregate with LFSNHL in Family 35. Analysis of SNPs in exon 8 for Families W and 35 showed absence of linkage disequilibrium ( Table 2 ), suggesting that this mutation arose independently in each kindred. SSCP and sequence analysis of controls and subjects revealed multiple other known synonymous and non-synonymous variants (8, (16) (17) (18) (19) .
WFS1 mutations are a common cause of low frequency hearing loss
Next, we analyzed DNA from LFSNHL patients from families without a priori evidence of linkage to DFNA6/14. SSCP variants in exon 8 for Families 19 and 21 were sequenced. A heterozygous missense mutation 2662G→A (G831D) was found in the proband of Family 19 ( Fig. 4C) , her aunt and her daughter, and 2505G→A (V779M) was identified in the proband of Family 21 (Fig. 4D ). All five novel mutations are heterozygous missense transitions.
At least 220 control chromosomes were assayed for each variant (Table 1) . Only one mutation, V779M, was found in any control. V779M abolishes a restriction site for HpyCH4III, and one of 90 anonymous controls (20) was heterozygous for the mutation.
DISCUSSION
Autosomal dominant, non-syndromic LFSNHL associated with DFNA6/14 is delayed onset, completely penetrant and slowly progressive (1) (2) (3) 6) . Whereas aging, noise exposure or drug toxicity can cause high frequency sensorineural hearing loss, LFSNHL appears to most commonly have a genetic etiology. The same phenotype has been described in other families with autosomal dominant inheritance (21, 22) . A series of 41 Japanese patients with LFSNHL included 10 familial cases (23) , and 33% of 39 Danish patients with LFSNHL had a positive family history of hearing loss (24) . LFSNHL is genetically homogeneous with the exception of a single DFNA1 family with a more severe phenotype (4) .
We have identified WFS1 as the gene responsible for LFSNHL in autosomal dominant families as well as sporadic cases. Extensive clinical evaluation of the families prior to molecular genetic analysis confirmed a non-syndromic hearing loss without associated features segregating with the hearing loss. Whereas it was not possible to specifically exclude the features of all possible hearing loss syndromes in the subjects prior to gene identification, it is clear that the affected subjects in this study do not have Wolfram syndrome, since none report juvenile-onset diabetes mellitus or optic atrophy.
The coding sequence of WFS1 is 3628 bp arranged in eight exons of which the first is non-coding (7, 8) . Most mutations are found to affect exon 8, by far the largest (2609 bp). Wolfram syndrome is genetically heterogeneous, as some patients with Wolfram syndrome lack mutations in WFS1 (7). A second locus (WFS2) has been mapped to 4q22-24 (25) , which might be a candidate locus for other deafness genes. Because of genetic heterogeneity and the frequency of nonsynonymous variants in the general population, the significance of missense mutations may be difficult to interpret.
A significant proportion of Wolfram syndrome patients are homozygous for WFS1 null alleles (16, 17) . Several Wolfram syndrome patients have been found to be compound heterozygotes for a null allele and a missense mutation (7, 8, 16) . Homozygous missense mutations in WFS1 have rarely been reported in Wolfram syndrome patients. Known examples include two affected siblings homozygous for P724L (8) , and one patient homozygous for P885L, five amino acids from the C-terminus (16) .
Whereas most features of Wolfram syndrome are seen only in homozygotes, heterozygous carriers of Wolfram syndrome have an increased incidence of psychiatric illness, including severe depression, suicide attempts, psychosis, dementia and violent behavior (12, 26, 27) . Several missense mutations in WFS1 have been identified in patients with isolated psychiatric disorders but not in normal controls (17) . Whereas LFSNHL patients in this study were not specifically evaluated for psychiatric illness, psychological testing and a comprehensive self-report questionnaire excluded psychiatric symptoms in the majority of Family 59 (1).
The five mutations presented here have not been previously described in the literature or in controls with one exception. In our study, V779M was found in 1/336 control chromosomes. Because the positive control is anonymous, no phenotypic information such as hearing status is available (20) . Given the expected frequency of Wolfram syndrome carriers in the general population (9, 11) , finding a mutation at a very low frequency rate among controls is not unexpected. Such carriers have been shown to have an increased risk of hearing loss, although the hearing loss did not segregate as a Mendelian trait in the family studied (15) . Detailed audiometric and psychiatric evaluation of heterozygous carriers of Wolfram syndrome would be useful to draw genotype-phenotype correlations.
WFS1 encodes a protein of 890 amino acids, wolframin, with nine putative transmembrane domains. Wolframin lacks homology to other known proteins, and its function is currently unknown (7, 8) . A role in protein sorting or trafficking is hypothesized, as wolframin has been localized to the endoplasmic reticulum in cultured cells (28) . WFS1 is ubiquitously expressed, but brain expression is concentrated in certain populations of neurons, including the ventral cochlear nucleus and inferior colliculus. Whereas WFS1 expression in the cochlea would be expected, given that mutations in WFS1 cause both non-syndromic LFSNHL as well as hearing loss associated with Wolfram syndrome, the expression pattern of WFS1 in the peripheral auditory system is not currently known.
Neuropathologic studies of Wolfram syndrome revealed loss of nerve fibers in the cochlear nerves as well as mild neuronal loss and gliosis in the auditory brainstem (29) . Further studies are necessary to determine why the mutations described herein selectively affect low frequency hearing, whereas the hearing loss associated with Wolfram syndrome has been reported to affect high frequencies.
Whereas mutations that cause Wolfram syndrome in the recessive state may occur nearly anywhere in the protein, all mutations in LFSNHL families were found in the portion of exon 8 that encodes the C-terminal domain. None of the mutations that cause hearing loss involves the N-terminal domain or any of the nine putative transmembrane domains. Current models of the wolframin protein predict a membrane topology in which the C-terminus is located on the cytoplasmic side of the endoplasmic reticulum membrane (16) . Since the function of the wolframin protein remains completely unknown, the mechanism by which these mutations cause isolated low frequency hearing loss is yet unknown. However, we would predict that replacing a leucine with a proline would severely disrupt any secondary structure of the protein, and replacing the smallest amino acid, glycine, with a charged residue like aspartic acid would likewise be deleterious. All five of the amino acids affected by these mutations are conserved in human, rat and mouse, and both 829Leu and 799Val are conserved in Drosophila. These mutations might act in a dominant-negative fashion by interfering with or enhancing the specific function of the C-terminal domain, such as protein phosphorylation or protein-protein interactions.
The A716T mutation was found in both Family W and Family 35 and likely arose independently, since the alleles carrying the mutations have different nucleotides at three Despite their family history, many family members were not aware of their hearing loss until noise exposure or aging caused loss of hearing in the high frequencies as well. Because high frequencies important for speech discrimination are preserved, isolated LFSNHL may be otherwise asymptomatic. LFSNHL is difficult to diagnose by routine newborn screening methods, as typical screening protocols utilize stimuli of 2000 Hz and above. For these reasons, we suspect that LFSNHL is likely more frequent in the general population than currently recognized.
We have defined a subset of non-syndromic sensorineural hearing loss affecting the low frequencies without progression to profound deafness in which all individuals studied were found to have WFS1 mutations. Thus, we conclude that mutations in WFS1 are a common cause of low frequency sensorineural hearing loss.
MATERIALS AND METHODS
Patients
Four families with autosomal dominant non-syndromic LFSNHL had a priori evidence of linkage to 4p16: Families 59 (1,3) and 35 (unpublished data) from the United States, and Families T (2,6) and W (unpublished data) from The Netherlands. Probands with LFSNHL from two additional families (Families 19 and 21) were identified without previous evidence of linkage to 4p16. The Institutional Review Board of each institution approved these studies and written informed consent was obtained from each participant.
Genetic mapping
Patient DNA was prepared using standard methodology from peripheral lymphocytes or buccal epithelial cells (PureGene, Gentra). For fine mapping in Family 59, we genotyped polymorphic markers on 4p16.3-4p16.1: D4S169, D4S227, D4S43, D4S127, D4S412, D4S432, D4S3023, D4S2285, D4S2354, D4S827, D4S2354, D4S431, D4S2366, D4S2935, D4S394 and D4S3009. An aliquot of 1 µl of each sample was loaded on a 6% polyacrylamide gel containing 42% urea and run at 60 W for 2-3 h. Gels were dried and exposed to Kodak X-OMAT film at room temperature overnight.
SSCP analysis
For Families 59, 19 and 21, all coding exons (2-8) of WFS1 were screened for variants by SSCP. Thirteen DNA fragments corresponding to each of exons 2-7 and to seven parts of exon 8 (8-1 through 8-7) were generated by PCR amplification of genomic DNA using available sequences of primers (7) . PCR products were analyzed by SSCP using non-denaturing MDE gels (BioWhittaker Molecular Applications) overnight at 6 W and 25°C. PCR products that displayed SSCP patterns different from control samples were then sequenced.
Mutation analysis
The forward and reverse primers previously described were used for sequencing of both strands of the corresponding PCR fragments. Samples from Families 59, 19, 21 and 35 were sequenced with an ABI 3700 automated DNA sequencer (Applied Biosystems) at the University of Michigan DNA Sequencing Core. For Families W and T, the entire coding sequence of the WFS1 gene was sequenced using primers previously described (7) with an ABI3100 automated DNA sequencer. DNAs from Dutch controls were screened for the T699M and A716T mutations using the Snapshot kit on an automatic sequencer ABI3100.
For Families 59, 19 and 21, control samples consisted of 90 ethnically diverse samples representative of the US population of unknown hearing status from a commercially available panel (20) and 80-90 DNAs from Caucasians. Restriction digest assays were developed for each mutation to confirm the sequence, to test for segregation of the mutation with the hearing loss and to assay controls. Restriction enzymes used were HpaII (Promega, Madison, WI), HpyCH4III (New England Biolabs, Beverly, MA), and AvaII (New England Biolabs). For each assay, the relevant fragment of WFS1 exon 8 was amplified using PCR and incubated with the enzyme at 37°C for 1 h. The products were analyzed by electrophoresis on 2% agarose gels, stained with ethidium bromide and viewed under UV light.
The L829P mutation creates a unique HpaII site in exon 8-7. After digestion with HpaII, the wild-type allele yields one band of 300 bp and the mutated allele yields two bands (230, 70 bp). The V779M mutation abolishes the HpyCH4III site in exon 8-6. Digestion with HpyCH4III yields two bands (212 and 144 bp) for the wild-type allele, whereas the DNA of the mutated allele remains uncut (356 bp). The G831D mutation creates a new AvaII site in exon 8-7. After digestion with AvaII, the wild-type allele has two bands (261 and 39 bp), whereas the mutated allele yields three bands of 188, 73 and 39 bp.
Linkage disequilibrium
Sequence data from exon 8 from Family 35 and Family W were examined for the presence of known SNPs and compared to a reference sequence (AF084481).
